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INTRODUCTION

The growth of high-quality homogeneous crystals of metal solid
solutions requires that primary consideration be given to two key factors
that can produce deleterious substructures in the solid-solution crystals:
(1) constitutional supercooling, which produces cellular growth composed
of cells defined by compesitional variations that are elongated in the
growth direction, and (2) growth héterogeneities resulting from tempera-
ture fluctuations at the solid-liquid interface that produce compositional
variations in the form of bands perpendicular to the growth direction.
Constitutional supercooling can be controlled by altering the interfacial
growth conditions, growth rate, and temperature gradient. However, tem=
perature fluctuations which produce compositional banding during‘crystal
growth result from convection occurring in the liquid ahead of the
advancing solid interface. This convection, which is gravity driven, is
increased by imposing greater temperature gradients designed to eliminate
cellular growth. The convection currents cannot be entirely eliminated
in terrestrial processing in a gravity field. Thus, investigating alloy
crystal growth and solidification iﬁ the space-processing development

‘program is amply justified.



This program was designed as a basic study of the effects of
convection, gravity, and convection-arresting magnetic fields on the

growth of metal solid solution single crystals.



SUMMARY

Objectives

The objectives of the program were

(1) To define the influence of convection and/or
gravity present during crystallization on the sub-
structure of a metal solid solution

(2} To define the influence of a magnetic field applied
during crystallization on the substructure of a
metal solid solution

(3) To define requirements for a space flight experi-

ment to verify results of this study.

Approach

For descriptive and crganizational purposes, the program
designed to accomplish these objectives was broken down into four tasks,

which are briefly described below.

Task I. Investigation of the Influence
of Convection on Crystal Growth

This task was conducted to characterize the role of gravity
and/or convection during the growth of single crystals of metal solid
solutions of aAg-20 atomie percent Zn alleoy. The study consisted of the
growth of crystals under different combinations of growth rate and tem-— |
perature gradient conditions. The Bridgman technique and, specifically,
normal-freeze crystaliization were employed for the crystal-growth experi-
ments. Convective flow behavior during crystal growth was investigated
by use of fine-gauge thermocouples placed in the liquid metal. The
effects of these variables on crystal growth and substructure of the alloy

cryztals were investigated under Task IIT.



Task II. Investigation of the Influence
of Magnetic Fields on Crystal Growth

The objective of this task was to determine the influence of
magnetic fields on the crystal growth and substructure of solid-solution
cryétals of aAg-20Zn alloy. Experiments similar to those conducted in
Task I were conducted in the presence of transverse magnetic fields
(i.e., applied transverse to the direction of crystal growth) of strengths
between 50 and 4000 gauss. The effects of the applied magnetic field were

investigated‘under Task ITT.

Task ITI. Characterization of Crystals and
Analysis of the Effects of Growth Conditions

The objective of this task was to analyze compositional and
structural features of the experimental solid-solution crystals grown in
Tasks I and II. The crystals were characterized metallographically and

by electron microprobe and X-ray diffraction analysis. The results were
analyzed with respect to the role of growth conditions--such as growth
rate, temperature gradient, and applied magnetic field on the macro- and

microstructure of the resulting crystals.

Task IV. Space Flight Experiment Definition

The objective of this task was to provide NASA-MSFC with the
information and experimental parameter data required to define a space
flight experiment on alloy crystallization or crystal growth if warranted.
Experimental results obtained im this program were used as a basis for
recommendations regarding a flight experiment on crystallization of metal

solid-solution alloy.



Summary of Results

Investigation of Convection Currents

In experiments on determination of the characteristics and
effects of convection currents in molten Ag-20Zn alloy in a horizontal
boat, temperature fluctuations (resulting from the convection currents)
were monitored as overall longitudinal temperature gradients of 1.5, 2.5,
5.5, 7.5, 8, 12, and 16.5 C/cn were imposed in the region of the thermo-

.couples. No significant short-term temperature fluctuations (i,e.,
periods < 30 seconds) were observed with longitudinal temperature gradi-
ents < 8 C/cm,

With overall longitudinal temperature gradients of 12 and
16.5 C/cm, significant short—term temperature fluctuations were observed.
Typically, these appeared to be a combination of two or more oscilla-
tions having different frequencies, with the result that amplitude peaks
varied In magnitude as the oscillations reinforced or opposed one another.
Maximum amplitudes (peak to peak) observed were in the range of 0.02 to
0.06 mv (v 0.5 to 1.4 C) and periods of the short-term oscilllations were
observed to be in the range of 6 to 10 secondé. With the exception of
a threshold gradient for the omset of short-term temperature fluctuna-
tions, no direct relationship between the magnitude of the imposed tem—
perature gradient and the amplitude or period of the temperature oscil-

lations was apparent for the ranges investigated.

Investigation of the Effects of Magnetic Fields

Investigation was made of the effect of applied magnetic fields
in the range of 50 to 4000 gauss on convection currents in the molten
Ag-Zun alloy held in various temperature gradients.

Low to moderate magnetic fields, i.e., 50 to 250 gauss,
decreased the amplitude of convection-current-induced temperature oscil-

lations and damped out some of the complex oscillations, whileé fields in



the range of 300-350 gauss appeared to damp out all oscillations caused
by turbulent convection.

No additional effect was detected when higher magnetic fields
(up to 4000 gauss) were applied.

Cryatal Growth

Pertinent fluid and diffusional parameters and composition-
temperature (i.e., phase stability) data for the Ag-Zn alloy either
obtained from the literature or estimated were used to calculate the

‘ranges of experimental conditions that were to be investigated. For the
Ag-20Zn alloy at 800 C, the boundary condition for a stable plane inter-—
face was estimated to be G/R > 2 x 105 C—sec/cmz, where G is the tempera-
ture gradient and R is the growth rate. A crystal growth apparatus with
which the required ranges of experimental conditions could be obtained
in a magnetic field was designed and -built.

A number of horizontal Bridgman crystallization runs were
‘made with and without seeds under conditions calculated to produce con-
stitutional supercooling and cellular growth (i.e., G/R < 2 x 105 C—sec/cmz)
and under conditions calculated to give planar iﬁterface growth and
banding (i.e., G/R > 2 x 105 C-sec/cmz). The single crystal seed material
of the Ag-20Zn alloy had been grown in vertical Bridgman growth runs.

In addition, sectiomns of the seeded runs were grown with and
without applied transverse magnetic fields of various strengths. This
was part of a designed matrix of experiments in which four different
growth zones were produced in each run:

{1) Seeding and initial growth

(2) Controlled growth, Zone ITI

(3) Controlled growth, Zome III

(4) The quenched zone of rapid terminal growth.

From run to run, conditions were varied in each growrh zone, particularly
with respect to applied magnetic field, which was set in each zone at
levels of 0, 400 or 500, 1500, or 4000 gauss. 1In the final quenched zone,

dendritic growth under varied conditions was obtained for study.



Characterization and Analysis

Examination of ingots crystallized under conditions calculated

" to give constitutional supercooling revealed the expected cellular growth.
The results of electron microprobe analyses of the cellular structure
indicated that cell-wall thickness and composition differ from ingot to
ingot, presumably due to differences in crystallization rate and melt
composition. Photomicrographs indicate a modification of the cellular
structure due to annealing of the solidified material in the growth
furnace during the growth process; this effect, however, has not been
confirmed.

Metallographic examination of some ingots grown under condi-
tions calculated to give planar interface growth, both with and without
magnetic fields up to 4000 gauss,rrevealed no unusuél microstructural
features. However, distinct changes in macrostructure were found to cor-
relate with the application and removal of the magnetic field. For exam-
ple, growth was polycrystalline (several large crystals) in the absence
of the magnetic field but became monocrystalline in regions grown in the
magnetic field. Limited X-ray Laue diffraction analysis work conducted
on one of the ingots containing alternating sections grown with and without
a magnet field indicated that there is a preferred growth direction in
both the single-crystal and polycrystalline portiens (growth axis approxi-
mately parallel with <100>). The two single—crystal portions examined
had almost exactly the same orientation. In addition, It was observed in
some cases that crystal boundaries formed in a 4000-gauss magnetic field
were curved and undulating, whereas boundaries grown in the same ingot in
the absence of a magnetic field were planar.

Compositional banding, which was initially expected in this
system, was not observed because compositional variations produced during
crystallization either were too small to be detected or were reduced below
detection limits by the combination of small interband spacing and rapid
postgrowth solid state diffusion.

Study of variations in the dendritic growth of the terminal

rapid-growth region revealed that there is an effect of magnetic field



on the dendritic growth. With a magnetic field applied (1500-4000 gauss),

the dendrites are finer and tend to be preferentially aligned parallel with

the ingot-growth axis.

Conclusions and Recommendations

The following conclusions can be made on the basis of this study:

(1)

(2)

(3)

(4)

(5)

(6)

Turbulent convection currents have been detected
in Ag-20Zn baths subjected to longitudinal tem-
perature gradients > 12 C/cm.

These convection currents are completely damped

by application of moderate magnetic fields

(> 300 gauss).

Cellular growth has been observed under the growth
conditions G/R < & 2 x lO5 C sec/cmz, the approxi-
mate theoretical threshold value for the cellular
planar-interface solidification mode. Electron
microbeam probe analysis revealed a cell wall
enrichment of between 3 and 9 atomic percent and
cell wall thicknesses between 25 and 120 microms.
No evidence of banding was observed in crystals
grown under planar interface growth conditions

due to the small band spacing expected and the rapid
diffusion rate in the selid.

The alternate application and removal of a mag-
netic field during directional solidification under
planar interface conditions demonstrated that
growth tended to be polycrystalline without the
magnetic field but monocrystalline with it. Laue
X~ray diffraction analysis has revealed that there
is a preferred growth direction (<100>) under
these conditions.

Study of dendritic growth has shown that the

application of a magnetic field produces finer



dendrites which are more highly aligned in the
growth direction than those produced in the
absence of a magnetic field.

The following are recommendations for further work in the area

of solid-solution crystal growth:

(1) Studies of the effect of a magnetic field om the
morphology and orientation of Ag-Zn crystals grown
under planar interface conditions.

(2) X-ray topography and transmission electron micro-
scopy studies of the substructure in Ag~Zn erystals
grown under various conditions.

(3) Comparison of the morphology and substructure of
Ag-7n crystals grown under planar interface condi-
tions (with and without a magnetic field) with
those grown at 0 g.

{(4) Studies of dendrite formation in Ag-Zn alloys grown
with and without an applied magnetic field at 1 g
and 0O g.

(5) Characterization of Ag-20Zn crystals grown under
planar interface conditions in a steep temperature
gradient. This will allow the observations of
structures Which are produced under conditions
which are unambiguously planar. It might also allow
the use of growth rates which are high enough to
produce detectable bands. Modification of the exist-
ing equipment would be necessary to carry out this
task.

(6) Studies of banding in solid-solution systems having
lower solid-state diffusion rates than in the Ag-Zn
system, so that band observation is more feasible.
Studies in this area should include a comparison
of crystals gfown without turbulent convection
currents, whieh have beeh eliminated by either the
application of magnetic fields or by a gravitation-

free environment.
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TECHNICAL AND EXPERIMENTAL DETAILS

Analvsis of the Problem

In attempting the growth of high-quality homogeneous crystals
of metal solid solutions, primary consideration must be given to two key
factors that can produce deleterious substructure in the solid-solution

(1)*
y» Which produces cellular

crystals: (1) constitutional supercooling
growth composed of cells defined by compositional variations that are
elongated in the growth direction, and (2) growth heterogeneities result-
ing from temperature fluctuations at the solid-liquid interface which
produce compositional variations in the form of bands perpendicular to the
growth direction(z’B).

Basic heat-flow considerations show that thermal gradients can
be controlled independent of growth velocity. This is an important
attribute of single-crystal growing furnaces, since growing good crystals
of metal solid solutions requires that the temperature gradients be high
and the growth rate be low.

Constitutional supercooling is produced under certain growth-
rate and temperature-gradient conditions. Quantitatively, the general
constitutional supercooling criterion for a stable plane front interface
requires that the ratio of the temperature gradient in the liquid, G,, to
the crystallization rate, R, be

G mLCg {1-k)

L
—_ E
R kD,

(1)

4where
mo= slope of the liquidus line
C* = composition of the solid forming at the liquid-
solid interface
k = equilibrium partition coefficient ~ C;/Cf
DL = diffusion coefficient of solute in the liquid.
This criterion, then, establishes the critical or maximum growth rate and

the critical or minimum temperature gradient to sustain plane front growth.

* References are listed on Page 46. . .
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Solute disfribution in the liquid ahead of the liquid-solid -
interface is an important factor affecting crystal perfection. It is
diffusion controlled but is also affected by convection in the liquid.
Solidification of a metal solid solution from the melt can be clesely
approximated by the assumption of equilibrium at the interface during
growth. There may be large concentratlon gradients in the solid and the
liquid during solidification, but there is only a negligible barrier to
transport of atoms across the interface. Condition of equilibrium at
the liquid-solid interface where solidification is occurring at a given
temperature requires that the liquid and solid compositions at the inter-
face be given by the phase diagram relationship.

An "equilibrium partition ratio', k, can be defined as the
ratio of the concentration of the solute element in the solid and the
liquid at the interface, i.e.,

. o
k === . (2)

*
CL

The quantitative treatment of solute distribution to be given
‘employs the further assumption of no significant undercooling at the
interface before nucleation or from the effect of radius of curvature.

A quantitative treatment of solute distribution should also take convec-—
tion in the liquid into consideration.

Solidification and growth in the absence and presence of con-
vection must be considered in the treatment of solute distribution and its
effect on substructure in the growing crystal. Let us consider the case of
no convection in the liquid. In a crucible of length L, shown in Figure 1,
the first solid forming at the left end of the crucible has a composition
giveq by kCO. The solute that is rejected in the liquid is transported by
diffusion only and an enriched "solute boundary layer" forms and gradually
increases in solute. If the erystal is long, then a "steady state" is
approached as shown in Figure 1b. At this ''steady state", the compo-

sition of the solid forming is the overall composition CO. Equilibrium

at the interface requires that liquid composition at the interface be

C /k and that solidification be occurring at T _. Solute distribution
o



Temperature

Co/k

Composition

12

LS8 tiaid

Cs

Composition _ o
‘ a. Phase Diagram and Composition

Profile at " Steady State’

- -

- |Nitiql Steady
transient state

kCo

Distance

b. Composition Profile Showing Solute
Distribution Along the Crystal

FIGURE 1. SOLUTE REDISTRIBUTION IN PLANE FRONT SOLIDIFICATION
: OF A SOLID SOLUTION WITH NO CONVECTION AND LIMITED
LIQUID DIFFUSION
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in the boundary layer in front of the ‘interface has been solved by Tiller,

- Jackson, Rutter, and Chalmers(l) and is given by
= 1'.:15: .:E.{_.. t
CL = C0 [1 + T P 1 DL x")1] s {3
. where
' = distance from the liquid-solid interface
DL = diffusion coefficient of solute in the liquid.

DL/R is defined as a "characteristic distance" {(i.e., distance at which
the quantity (CL-CO) falls to 1l/e of the maximum (CO/k—CO).

The solidification conditions described above result in a
crystal of nearly uniform composition except for the initlal transieﬁt,
shown in Figure 1, and a final transient occurring at the other extremity.
The initial transient forms while the solute boundary layer builds up to
its maximum "steady state” value. Quantitative description of solute
redistribution and the extent of the initial transient have been published
by Smith, et al(a). Their results indicate that the distance x required to
- reach "steady state' depends on R/DL and k.

0f particular importance in this study is the effect of changes
in interface velocity during solidification on the corresponding solute
redistribution. Such changes occur due to convection. Figure 2 shows
the effect on solute redistribution when the interface velocity is
gbruptly increased. Since a change in interface velocity also changes
the characteristic distance, then the excess solute that was initially
in the boundary layer (after interface velocity was increased) must now
appear as a solute-rich '"band" in the crystal. This is shown schematically

in Figure 2.

Effect of Convection

For the case where convection in the liquid is present, solute

()

redistribution is given by the Burton, Primm, and Slichter equation.
In this treatment, a diffusion boundary layer of thickness § is assumed.
outside this layer complete mixing in the liquid by convection is
assumed, and inside this layer mass transport is by diffusion only.

Figure 3 shows the type of boundary layer discussed in this section. If
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solidification is occurring in a very large liquid bath, then the bulk
1iquid composition remains essentially constant at C,- A “steady state"
solution to the problem yields the following equation:
& . O
CL Cs

cC_ - C*
0 8

= exp [] . (4)
y |

An "effective partition ratio', k', is now defined as the ratio
of the solid composition forming, Cg, to the bulk liquid composition {in
this case, Co)' Then, substituting in Equation (4), we get

K’ = k : ()

k + (1-k) exp [- %‘5— 1
L

This expression now relates composition of the solid forming
to the initial alloy composition. Equation (5) can also be used to
describe solute redistribution in finite (small) crucibles, provided that
§ (boundary layer) is swall compared to the length of the crucible. If
this is true, then an equation identical to the Scheil equatiom can be
written, except that the equilibrium partition ratio, k, is replaced by

the effective partition ratio, k':

- [} _ k'_l
C‘g =k Co (1 fs) . (6)

In this case the bulk liquid composition is CL and k' = C:/CL.

In the limiting case when convection in the liquid is stopped
(i.e., in the absence of gravity or by imposing a transverse magnetic
field on the liquid), then a maximum value of k'-1 is obtained (RG/DL>>1)-
Under this condition, solute distribution is described by the special
case of po convection given in the preceding section.

From the quantitative expressions presented here, it can be
gseen that changes in growth velocity, R, or solute boundary layer, 8,
will have a corresponding effect on the solute distribution of the growing
crystal. For example, increasing R and 6 results in an increase in Cg.
Fluctuations of R or § during solidification of the crystal result in
solute "banding" as previously described. It has been shown that these
fluctuations are caused by temperature fluctuations that can be produced

by furnace temperature instability and turbulent thermal convection in
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(6)

the melt near the interface , and/or by a form of convection instability

)

called "overstability" when convection flow 1s in the laminar range.

' Homogeneity in solid-solution alloy single crystals can only be
obtained if growth rate (interface velocity) and convection (i.e., bound-
ary layer, ) are constant during solidification. Some causes of growth
perturbations can be eliminated if they are external to the melt, such
as power input, vibrations, etc. A much more difficult source to elimi-
nate 1s that resulting from a density gradient in the liquid. As stated
previously, these density differences result from differences in composi-
tion or temperature. Several studies have shown that density differences
due to temperature gradients result in considerable flbw in different
crystal-growing techniques(aﬂll). These types of convection patterns,
which are turbulent, result in temperature fluctuations which in turn
perturb the growth rate of the liquid-solid interface and cause "banding".

An important (dimensionless) parameter in thermal convection is

the Rayleigh number(B)
3 ‘
R = L BgAT , : 7
a av

where

L = the dimension (length of the container) \

B = the volume coefficient of thermal expansion of

the liquid metal

g = the gravity acceleration constant

AT = the temperature difference over length, L

o = the thermal diffusivity of the liquid

Vv = the kinematic viscosity of the liquid.
For typical conditions of metal crystal growth, Rayleigh numbers are
large {ca 105),and it is to be expected that convective flow is in the
turbulent range. It should be noted that, although only one set of
dimension and temperature-gradient vectors appear in the expression for

(12) that thermal convection is dependent upon

Ra’ it has been concluded
both longitudinal and transverse temperature gradients.
The majority of studies of thermal convection and its effects

on crystallization in metal crystal-growth melts have been conducted with
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horizontal growth systems (wherein the effects may be maximal). There
is need to investigate the phenomena more comprehensively in the vertical
growth regime.

Some temperature fluctuations can be avoided by improving on
growth-furnace stability and temperature control. Constitutional super-
cooling can be avoided by reducing the growth rate and/or maintaining a
steep'temperature gradient across the solid-liquid interface. The latter,
however, will tend to increase convective flow and the resulting thermal
fluctuations. It is apparent at this point in the discussion that,
while the just mentioned gross temperature fluctuations that produce
coarse banding and constitutional supercocling can be eliminated by
modifying growth conditions in straightforward and attainable ways; thermal
convection and the temperature fluctuations produced thereby cannot be

.eliminated by such straightforward means when the growth system is on
earth and in its gravity field. Thps, there is justification for inves-
tigation of '"zero-gravity' crystal growth and the effects on substructure
of the crystals.

Although the gravity field cannot presently be elimipated in
terrestrial laboratories, it has been found that a magnetic field can be
used to counteract its effects with respect to convection. The convec-
tion in liquid metallic systems can be impeded by imposing a steady mag-

(11)

" netic field on the liquid. Utech and Flemings have ghown that a
magnetic field can be used to damp liquid convection, suppress the fluc-—
tuations, and in turn eliminate solute-rich "bands".

Flow of a conductive liquid across a magnetic field is strongly
damped as a result of inductive drag. This drag can be regarded as a mag-

(13)

field imparts an effective kinematic viscosity to the liquid. The value

netic "viscosity". According to Chandrasekhar , application of the

of this "wviscosity" 1s given by

Vogg = u2H20d2/p . (8
where
u = magnetic permeability of the liquid
H = strength of the magnetic field
5 =

electrical conductivity of the liquid
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d = depth of the liquid
e = density of the liquid.
The magnetic viscosity can be significant and dominant if the
Hartmann number, M, is large cémpared with‘unity(la). M is defined as
M2 - 0(uHL)2'= mgg?etic viscous forces per un?t volume (9)
pv ordinary viscous forces per unit volume ?
where
i = the magnetic permeability
H = magnetic field strength
g = the electrical conductivity
L = the length of the melt
p = the density

v = the kinematic viscosity of the liquid metal.
For typical metal systems, estimates made from this expression indicate
that only modest magnetic fields, on the order of 103 gauss, are required
to effectively damp out turbulent temperature fluctuations and eliminate

"banding".

(15)

In a recent study of magnetic field effects on dense liquids,

Henderson and Miller examined several models to characterize liquid

behavior. The Free Volume Medel originally developed by Turnbull(16) and

(l7h19)‘appeared to best represent the liquid state in 2 magnetic

(15)

Cohen
‘field. Henderson and Miller showed that the application of a mag-
‘netic field or removal of the gravitational field would result in an
increase in liguid volume and free energy and a subsequent increase in the
diffusion coefficient of the solute species, leading to higher crystal
growth rates.

Thus, the use of a magnetic field applied during the crystal
growth of metal solid solution alloy appears to offer an excellent means

of simulating "zero-gravity" growth and of assessing éxpected effects on

the substructure and homogeneity of solid-solution material so prepared.

Growth Conditions for the Selected Alloy System

It was recognized as desirable that the binary solid-solution

alloy chosen for study should, as a minimum, have a range of solid solution,
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melt in the appropriate temperature range, have a reasonable liquidus-
solidus separation, and be readily obtainable in high purity. Silver and
zine are readily available im high purity and, as can be seen from the
phase diagram (Figure 4), the alpha phase region of the silver-zinc
system meets the other three of these basic requirements. Other factors
such as the slope of the liquidus, solid-state diffusion rate, density-
temperature, and density-composition relations were recognized as being
important with respect to segregation and the generation of convection
currents.

As a first step in the experimental program, avallable properties
of the selected silver-zinc system were used to calculate the growth

conditions required.

Temperature Gradient and Growth Rate

It is recalled that the criterion for a stable plane interface

is given by
mC, (1-k) m(Cs-CL)

= >
kDL DL

(10)

= O
| v

where

[op]
I

temperature gradient in liquid
= rate of growth

m = slope of liquidus

CS = compesition of solid at interface
CL = composition of liquid at interface
k = segregation coefficient, CS/CL
DL = diffusion coefficient of solute in the liquid.

From the phase diagram and literature on diffusion, the pertinent proper-
ties of 0Ag-20Zn at 800 C were estimated to be the following:

Slope of ligquidus, m = 7 C/at. %

Compdsition of solid at interface, CS = 17 at. % ZIn

Composition of liquid at interface, CL = 22.5 at, %

Diffusion coefficent of solute in melt (estimated),

DL v 2 x 10"4 cmz/sec.
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Utilizing these values, the critical condition for a stable, plane inter-
face for Ag-20Zn at the liquidus temperature (v 820 C) is

%>——-————-—7"5'54:2x10
2 x 10 cm

From this, several sets of potentially useful temperature gradient-growth

5 C sec

(11)

rate conditions for planar-interface growth are seen to be as follows.

For G = R should be <

10 C/em 5 % 10'“5 em/sec = 1.8 mm/hr
25 C/em 12.5 x 10_5 cm/sec = 4.5 mm/hr
50 C/em 2.5 x an4 em/sec = 9 mm/hr

Crucible Size

It is recalled that the Rayleigh number which gives the basis for

selection of container size is given by
L3BgAT
Ra = v (12)
where
1 = characteristic length of container
8 = volume coefficient of thermal expansion of the
liquid metal
g = gravity acceleration constant
AT = temperature difference over length L
n = thermal diffusivity of the liquid
v = kinematic viscosity of the liquid.
Using the best available or best estimated values for oAg-20Zn, the
Rayleigh number 1s estimated to be

' 3 -5

@ 4 x 10—3
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Choosing several sets of potentially useful values for crucible length
and temperature gradient, estimates of Rayleigh number for the indieated

conditions are as follows:

For L = 2 cm, L3 = §, then Ra ~ 120 AT, and for

AT = 10 C, Ra = 1.2 % 103

AT = 20 €, R_ = 2.4 x 107

AT =50 C, R =6 x 102

AT = 100 C, R, = 12 x 103 .
For L = 5 cm, L3 = 125 cmB, then Ra = 1.9 x 103 x AT,
and for

AT = 25 C, Ra = 4.8 % 104

AT = 50 C, R_= 9.5 x 10°

AT = - 2.4 x 10°

125 €, R
a 5
AT = 250 C, R_= 4.8 x 10° ..

Since Ra > lO3 permits turbulent flow, it can be seen that any L > 2 cm
is satisfactory for use in this investigation. The minimum dimensions.
of crucibles utilized in this study were length = 11 cm, width = 1,5 cm,

height = 1 cm.

Magnetic Field Strength

As has been discussed previously, the magnetic viscosity can
be significant and dominant if the Hartmann number, M, is large compared

with unity. M is defined as

2 cr(uHL)2 magnetic viscous forces_per unit volume

Moo= PV ® ordinary viscous forces per unit volume ’
where
p = magnetic permeability
H = magnetic field strength
L = characteristic length of melt
p = density
v = kinematic viscosity

g = electrical conductivity.

(14)
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For pv = 3.4 x 1072 poise (g/cm sec), o = 5 x 1072 abohm_lcm-l,

H (oesteds) = B/y, and u = 1,

-5 2
w2 o X0 GHLT L 5y 107 ey
3.4 x 10

Since L is the characteristic length for current flow--i.e., fluid (con-

. (15)

ductor) flow from hot to cold regions—-and is of the order of 2-5 cm
minimum in the experimental apparatus, evaluation of the Hartmamn number

for several potentially useful sets of conditions can be made:

B, gauss
200 500 1000
L, cn Y VG ' M M
2 240 15 1500 39 6000 78
5 1500 39 9370 97 37,500 194
10 6000 78 37,500 194 1.5 x 10° 387

From this it can be seen that M >> 1 and magnetic viscosity is dominant

for magnetic fields equal to, or greater than, several hundred gauss.

Crvstal-Growth Apparatus

The crystal-growth apparatus for producing the required growth
conditions, along with ancillary equipment for making the observations
desired, was designed and built, The experimental apparatus consists
of four major compoments, which are shown from left to right in Figure 5%

(1) The stabilized magnet power supply

{2) The two stepless saturable-core-reactor controls

for the crystal-growth furnace

{(3) The 4-in. electromagnet unit with the specially

designed and built crystal-growth furnace in place

between the pole and pieces

(4) A fast-response recording potentiometer.



FIGURE 5.

CRYSTAL-GROWTH APPARATUS
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The magnet unit and crystal-growth furnace are shown set up for horizon-
tal crystal growth. However, the apparatus is designed for rapid con-
version to vertical growth and growth at other angles to the gravity
vector.

The growth tube is shown in place with the thermocouple leads
attached to the thermocouple switching unit. Provision was made for the
use of up to five thermocouples accurately placed in the alloy charge.
The screw drive that is used to move the crystal-growth crucible can be
seen at the right front of the magnet upnit; it is driven by a synchronous
motor and the movement rate is controlled by gears in the drive train.

The bearing surfaces for movement of the crystal-growth tube
are of the sliding type and are contained within and are integral parts
of the furnace (see Figure 6). The outer bearing is made of graphite,
while the centrally located bearing is a disc of boron nitride, which
also serves as a baffle between the two independently controlled furnace
heéting segments. The furnace readily attains 1000 C chamber temperatures
with negligible heat flux to the magnet poles. The seal and feedthroughs
at the exposed end of the crystal-growth tube are water cooled, and a
water—cooled copper chill is provided for the cooling of the heat sink

 and low-temperature end of the growth crucible as required.

General Procedures and Information

Macroscopically, homogeneous supplies of the Ag-207Zn alloy were
prepared from 99.999 percent purity metals by melting, homogenizing, and
chill casting in an inert argon atmosphere. The alloy was cleaned prior
to loading into the growth crucible by use of an etch sclution containing
7.6 g/l of CrO3

the growth tube, the tube was evacuated and flushed several times with

and 8 g/l of stoé' After the material was loaded into

pure helium, then was sealed with approximately 2/3 atmosphere of helium,
The required crystal-growth crucibles were machined from high-

purity graphite and were outgassed prior to use at 1000 C in vacuum.
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Graphite appeared to be entirely satisfactory as a crucible material, as
there was no apparent chemical interaction between the melt and the
graphite. With the 2-mm wall thickness that was emploved, results of
initial exploratory runs indicated that the thermal conductance of the
graphite would not interfere with the desired processes: the solid/
liquid interfaces in the alloy were observed to be planar (on a gross
scale with the system at rest), and temperature gradients in the desired
range were established without difficulty.

Fine—-gauge thermocouples that were used to monitor temperatures
in the melt were chromel-alumel sheathed with Type 304 stainless steel.
Both 0.010-in.-0D and 0.020-in.-OD thermocouples were used; no signifi-
cant difference between sensitivities of the two sizes was observed.

Even after prolonged periods at elevated temperatures, there was no
detectable attack of the molten Ag-Zn alloy on the stainless steel thermo-
couple sheath. However, in about the 400~-C zone, zinc condensed on the
thermocouples and diffused into the sheath material, causing embrittle-
ment and failure after several runs.

Although there was some loss of zinc from the melt by vapor
transport, this appeared to occur primarily at the time the charge was
initially melted, and the rate of transport appeared to decrease to a
negligible level thereafter. The results of postgrowth analyses indi-
cated that shifts in composition were not significant. However, floating
covers of ~ 2-mm-thick graphite were used to further reduce the rate of

loss of zinec from the melts.

Investigation of Convection

A study was made of the characteristics and effects of convec-
tion currents in the molten Ag-20Zn alloy in a horizontal boat. The tem~
perature fluctuations resulting from the convection currents were moni-

tored while overall iongitudinal temperature gradients of 1.5, 2.5, 5.5,

7.5, 8, 12, and 16.5 Cfcm were imposed on the melt.
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No significant short-term temperature fluctuations (i.e., periods
< 30 seconds) were observed with longitudinal temperature gradients < 8 C/cm.
With these low-temperature gradients, short-term fluctuations were
2 0.005 mv (= 0.1 C) and may have resulted from "noise" of the system,

Séme long-term fluctuations were observed with periods of 10 to 20 minutes
and maximum peak-to-peak amplitudes of 0.01 mv (¢ 0.24 C); however, in
view of the low magnitude, these did not appear to be significant.

With overall longitudinal temperature gradients of 12 and 16.5 C/cm
imposed on the melt, significant short-term temperature fluctuations such
" as are shown in Figures 7a and 8a were observed. Typically, these appeared

to be a combination of two or more oscillations having different fre-
quencies, with the result that amplitude peaks varied in magnitude as the
oscillations reinforced or opposed one another. Maximum amplitudes (peak-—
to-peak) observed were in the range of 0.02 to 0.06 mv (v 0.5 to 1.4 c),
and periods of the short-term oscillations were observed to be in the
range-of & to 10 sec.

No direct relationship between the magnitude of the temperature

gradient and the amplitude or period of the temperature oscillations was

apparent.

Investigation of the Effects
of Magnetic Field

The effect of a magnetic field on convection currents in the

" molten Ag-Zn alloy, as revealed by the effect on temperature oscillations
in the melt, was investigated. Magnetic fields in the range from 50 to
4000 gauss were applied to the melt under the various sets of conditions
discussed in the previous section, and the effect on the temperature oscil-
lations was recorded. As can be seen in examples of results presented in
Figures 7a-e and 8a-d, moderate magnetic fields (e.g., 50 to 250 gauss)
decrease the overall amplitude and damp out some of the multiple oscilla-
tions, in most cases reducing the oscillations to a single frequency of
moderate amplitude (Figures 7c and 8c). At a sufficiently high field
strength, the short-term temperature oscillations that are attributed to

turbulent convection are damped out (Figures 7d and 8d). The field
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strengths required to do this were found to be 300 to 350 gauss--in good
agreement with values anticipated for the Ag-Zn alloy as a result of the
Hartmann-number analysis. Magnetic fields of higher strengths (1000, 1500,
2000, 3000, and 4000 gauss) were found to have no detectable effect on

the convection-current-related temperature oscillations beyond that

observed with the 350 to 500-gauss fields.

Crystal Growth

Crystallization runs were made to (1) check out the apparatus
under crystal-growth conditioms and (2) produce samples containing
"typical" microstructural features that could be used in the development
of characterization techniques. The crystallizations were run under con-
ditions expected to produce constitutional supercooling (G/R < 2 x 105 C
sec/cm2 at 800 C), with a temperature gradient of n 25 C/cm and linear
movement rates of 0.62 and 1.5 cm/hr. In addition, portioms of the ingots
were air quenched at the conclusion of the run to obtain dendritic growth
material for examination.

Several vertical Bridgman crystal growth cycles were made, pri-

' marily to obtain monocrystalline seed material to be used in the controlled
crystal-growth experiments. This material alse was examined metallographi-
cally as part of the longitudinal sections of some of the seeded alloy
inpots. For the vertical Bridgman crystal growth, the material was
contained in a cylindrical graphite crucible which was sealed in a silica
protection tube under a pressure of about 2/3 atmosphere of pure helium.
The crystals were grown at a rate of 0.9 mm per hour using either rf induc-
tion or electrical resistance heating.

When seeding was used, the seed crystal was cut to fit the cru-
cible, The work-damaged layers were removed by etching, and the seed
crystal was pinned in place at the head of the charge by use of graphite
pins. Monitoring of the position of the intersection of the temperature
gradient with the liquidus temperature was used to obtain controlled
melting of the seed crystal.

A number of crystallization runs were made in the horizontal

mode under conditions calculated to produce comstitutional supercoocling
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and under conditioms calculated to give planar—interface growth; these
early runs were not seeded. Using single-crystal seeding, horizontal
growth runs were alsc made under similar conditions; in these runs,
sections were grown with and without applied transverse magnetic fields
of several strengths (500, 1500, and 4000 gauss). Data on representative
controlled-growth runs are given in Tables 1 and Z.

 Because of the limited length of the crucible and the limita-
tions in the heat sink, the position of the solid-liquid interface is
displaced as the major portion of the alloy charge 1is moved from the high-
temperature to the low-temperature furnace segment. Thus, the effective
interfaqe movement Trate is higher than the drive unit movement rate; at
the low travel rate of 1 mm per hour, the effective interface movement
rate 1is approximateiy 2 mm per hour. Where noted in Tables 1 and 2, the
effective rate has been used to obtain G/R ratios.

Ingots 31012-16, -19, and -21 (Table 1) were grown with alter-
nate sections subjected to a 500-gauss magnetic field. No magnetic field
was applied during growth of the intervening sections.

In a planned matrix of experiments, growth was investigated in
four zones as indicated in Table 2. Controlled growth in three zones at
a constant movement (growth) rate in the planar-interface growth mode was
conducted with high, moderate, and no magnetic field applied. Since in
the early runs it was found that the 400-gauss field produced no observa-
ble effect on cellular growth, 1500 gauss was substituted as the moderate
field strength in the later experiments. In the initial zone, seeding
and initial crystal growth were observed. In the intermediate zones,
crystal growth and growth orientation were studied. In the final cool-
down zone, cellular and dendritic growth at various rates (with and
without applied magnetic fields) were investigated. Metallography was
used in all regions to detect differences in micrestructure.

It should be noted (Tables 1 and 2) that while G/R values for
the cellular growth experiments are nearly an order of magnitude smaller
than the estimated boundary G/R value (2 = 105 C secfcmz), those for the
planar-interface (banding) growth experiments are only 2 to 3 times greater

than the boundary value. This could possibly explain why cellular growth
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TABLE 1. DATA ON EXPLORATORY CRYSTAL GROWTH EXPERIMENTS
Growth g, (&) G, G/R,
Experiment Desired mm/hr C/em C sec/cm H, gauss
31012~7 Cellular 15 15-28 .5 - 6.5 x lO4 0
* (b)
31012-11 Banded 1.8(3.6) 8-35 .8 - 3.5 x 105 0
5(b)
31012-13 Banded 1(2) 7-38 .2 - 6.8 x 10 0
(b)
31012-16 Banded 1(2) 9-14 .6 = 2.5 x 105 0, 500
31012-19 Cellular 15 13-18 2 - 4.2 x lO4 0, 500
(b)
31012-21  Banded 1(2) 14-19 2.5 - 3.5 x 10° 0, 500

(a) R effective is listed in parentheses.

(b) Calculated using R effective.



TABLE 2. DATA ON CRYSTAL GROWTH EXPERIMENTS

|
|

m.. m‘ ' e
Terminal Growth '

H, gauss {Cool-down) Zone
: ‘(a) . Seeding and Growth Growth Ceoling Rate, G, G/R,

Experiment . Initial Growth Zone II Zone III H, gauss C/min C/em C sec/cm

31012-23 0 400 400 4000 11 13 to 23 2 to 4 x 10°

31012-27 4000 0 1500 0 13 17 to 19 "3 to 3.4 x 10°

31012-29 0 1500 4600 1500 7 16 to 20 2.9 to 3.6 x 10° &

31012-31 1500 4000 0 4000 22 14 to 20 - 2.5 to 3.6 x 10°

31012-34 0 4000 0 500 7 23(P) 4.1 x 10°

s

(a) For all experiments, growth was horizontal and a movement rate of 1 mm/hr was used; this gave an effective inter-
face movement rate of approximately 2 mm/hr.

' (b) Thermocouples failed and values were obtained through only the first portion of the run.
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has béen observed while banding has not. Accordingly, for the last two
runs, the growth system was modified with the objective of increasing

fhe temperature gradient, G, thus creating growth conditions more
strongly favoring banding. For Run 31, the size of the low-temperature
heat sink was increased and temperatures of the two furnace zones were
set farther apart. For Run 34, the lengths of the crucible and ingot
were increased, thus further increasing the size and effectiveness of the
heat sinks. In spite of these modifications, the G values were no larger
than the maximum values obtained previously through portions of growth
runs (See Table 1). Since the measures taken have gone to the practical
limits of the present apparatus, it appears that the conditions required
to obtain higher G/R values are not obtainable without major modification
of the growth system. (Reducing the cross-sectional area of the ingot

is not feasible since a minimal cross-sectional dimension must be
maintained or convectional flux will be eliminated.) In addition,
because of the high melting point and high thermal conductivity of the
Ag-Zn alloy (relative to those of low-melting-temperature metals and
semimetallic or semiconductor systems with which this type of investiga-
tion has been conducted previously by others), it will be more difficult
to achieve and sustain higher temperature gradients (and G/R ratios) with
this system while still maintaining the stability required for crystal

growth.

Characterization and Analysis

Utilizing material from the initially available polycrystalline
ingots, required metallographic techniques applicable to the Ag-Zn alloy
were developed. Thé general procedure as developed for the preparation
of Ag-Zn alloy sections for metallographic examination is as follows:

(1) Manual lapping on S5iC paper through 600 grit

(2) Manual lapping on No. 600 soft alumina paper

(3) Finish polishing with 1-p diamond on lintless

jersey on a vibratory polisher
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{(4) Chemical polishing (by swabbing) for about 30 sec

with a reagent containing 7.6 g/& of CrO3 and
g/? of H,50,

(5) Etching in the same reagent diluted 10:1.

Examlnatlon of dngots. crystallized under . condltlons calculated
to give constltutlonal supercoollng has revealed the’ expected cellular
growth., The resuits of electron microprobe analyses of the cellular
structure indicate that cell-wall thickness and composition differ from
ingot to ingot, presumably due to differences in crystallization rate and
melt composition. An example of the cellular growth from Ingot 31012-13
is shown in Figure 9; This ingot was grown at 1 mm per hour. However,
this cellular growth region » 1 c¢m long was formed during the rapid freezing
that occurred as the ingot was air quenched at the end of the run; beyond
this, the growth became dendritic. The composition and size of cells were
essentially uniform over the cellular section. This is consistent with
its having been formed by rapid freezing and, therefore, being unaffected
by diffusion in the:solid after freezing. The results of electron micro-
probe analysis (Tabié 3) indicate that the cell walls were enriched in
zinc by about 8 atomic percent above the matrix concentration of 21 atomic
percent, and cell wall thicknesses were in the range from 60 to 120 U

A Although compositional and structural features of the cellular
growth have been eséentially uniform within each specimen analyzed to
date, relatively large variation from ingot to ingot has been observed,
with cell—wall.zinc enrichment (over matrix concentration) ranging from
3 to 9 atomice pércent and apparent cell-wall thickness varying in the
range froﬁ 25 to 120 u. . '

There are indications that the cellular structure has been
modified due to annealing 6f the solidified material in the growth
furnace during the growth process. For examplé, examination of
Ingot 31012-19%, which was grown uﬁder conditions calculated to yield con-
stitutional supercooling, revealed cellular growth over a considerable
portion of the ingot. The cell walls appeared more diffuse in the portion
of the metal held the longer time in the solid at elevated temperature.

This has not been confirmed by electron microprobe analysis, however.
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31012-13

FIGURE 9. LONGITUDINAL SECTION SHOWING CELLULAR STRUCTURE IN
Ag-20Zn INGOT DUE TO CONSTITUTIONAL SUPERCOOLING
(G/R < 2 X 10° C SEC/CM2)

Crystallization direction: left to right.

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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TABLE 3. RESULTS OF ELECTRON PROBE ANALYSIS OF
CELLULAR GROWI'H IN INGOT 31012-13

Distance from

Section End, Zinc Concentration, at. % Width,

mm Base Peak A Base 1/2
1.8 21.1 . 29.4 8.3 94 52
2.8 . 21.1 30.4 9.3 1006 62
3.8 21.8 27,9 6.1 58 32
4.8 21.9 28.4 6.5 60 36
5.8 21.3 29.5 8.2 89 56
6.6 21.4 29.7 2.3 126 78
7.8 21.4 28.3 6.9 108 60
9.1 21.5 — — -

(2) The profile at 9.1 mm was taken at a point just beyond the last dis-
cernible cell wall. -
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Metallographic examination of some ingots grown under conditions
calculated to give planar-interface growth, both with and without magnetic
fields up to 4000 gauss, have revealed no obvious microstructural features.*
Banding was not observed in any of the crystal-growth experiments, pre-
sumably because of the small spacing expected between the bands and the
slow crystal-growth rates required for planar growth. The expected band
spacing can be calculated from the average period, 1, of the turbulent
convection currents (8 sec) and the growth rate (0.2 em/hr) as follows:

2 =1TR = 4.4y
This interband spacing is extremely small and allows the bands to be
eliminated by solid-state diffusion. This has been confirmed by using an
analysis previously applied to a similar problem(B)- The largest half-band

spacing, A = £/2, which is eliminated by diffusion is given by

= Vne (16)

where Ds is the effective interdiffusion coefficient in the solid and t
the time held at this temperature. In the steady state, the solidified
crystal is within 25 C of the solidus temperature (780 C)} for 5 hours.
The interdiffusicn’coefficient at this temperature is N2 ox 10‘8 cmzlsec.

Thus,

| Ve Vax 108 (1.8) x 100 = 100w a7
Accordingly, bands spaced < 380 u apart should be eliminated by dif-
fusion in the solid state.

In contrast with the microstructural observations, distinct changes
in macrostructure were found to correlate with the application and removal
of the magnetic field. For example, Ingot 31012-16, which was grown under

conditions calculated to give planar~interface growth (G/R N5 ox 10-5 C sec/cmz)

both without and with a 500-gauss magnetic field, showed polyerystalline

* Only metallography has beem applied thus far to the microstructural
examination. Application of other techniques which are more sensitive
to the defect structure, such as X-ray topography and transmission elec-
tron microscopy, 1s recommended.
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growth (several large crystals) in the absence of the magnetic field and
monocrystal growth in regions corresponding to the application of the mag-
netic field (Figure 10). Additional examples of the effect of magnetic
field on crystal growth were noted (in Ingots 23, 27, and 31), wherein
the number of crystals changed abruptly with the application or removal
of the transverse magnetic field. The results of Laue X~-ray diffraction
analysis carried out on Ingot 31012-16 indicate that there is a preferred
crystal growth direction within 5-7 degrees of the <100> direction independent
of maghetic field (Figure 11). The single-crystal portions examined |
(Crystals 2 and 3 of Figure 11), which were grown during the application
of é 500-gauss field, have approximately the same crystal orientation
with reépect te the growth direction and the iongitudinal section examined.
Although Crystal 1 {grown in the absence of a magnetle field)} has a growth
‘direction close to <100», there is an orientation éhange relative to
Crystals 2 and 3. The change can be described as a rotation of approxi-
mately 45 degrees around the growth axis. More study is required:to_deter—
mine whether the effect 1is 5 generél ohe or related only to the.éfystals 7
examined thus far, |

An additional effect of magnetic field was noted in one ingot
(23}, where it was obsérved that crystal boundaries formed in a 4000-gauss
magnetic field were curved and undulating, whereas boundaries grown
without the magnetic field were planar. This effect of the magnetic field
on crystal growth, per se, should be investigated further.

The fast-frozen portions of the first four ingots listed in
Table 2 were observed to be of highly dendritic structure, as expected
Vfor a fast-frozen alloy of this type. Study of variations in the den-
dritic growth of the terminal rapid-growth region has revealed that there
ig an effect of magnetic field. As can be seen in Figure 12, the
dendrites in Ingot 23, grown with a 4000-gauss field applied, appear finer and
more highly oriented in the growth direction than those in Ingot 27,
which were grown at the same rate (és deduced from the cooling rate) in
the absence of a magnetic field. Extension of this effect also is seen

in Ingot 29, where application of a moderate magnetic field appears to
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have produced relatively fine oriented dendritic growth, even though the
cooling rate was very slow. The finest dendritiec structure was obtained
in Ingot 31 (Figure 12d), which was frozen at a high rate in a 4000-gauss
magnetic field.

Data upon which this report is based are recorded in Battelle

Laboratory Record Bock 31012, pages 1-35.
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